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A search for massive neutrinos has been made in the decay pi+ → e+ν. No evidence was found for
extra peaks in the positron energy spectrum indicative of pion decays involving massive neutrinos
(pi → e+νh). Upper limits (90 % C.L.) on the neutrino mixing matrix element |Uei|
2 in the neutrino
mass region 60–135 MeV/c2 were set, which are an order of magnitude improvement over previous
results.
INTRODUCTION
In the original Standard Model (SM) [1], neutrinos
are included as massless particles. There is now firm
experimental evidence that neutrinos oscillate between
different flavors, indicating that at least two are mas-
sive particles [2]. Many extensions of the SM incor-
porating massive neutrinos hypothesize the existence of
additional neutrino states. Right-handed gauge-singlets
(sterile neutrinos), are an essential ingredient in seesaw
models [3] aiming to explain the smallness of neutrino
masses. In the Neutrino Minimal Standard Model [4]
(νMSM) three sterile neutrinos and three corresponding
mass eigenstates are added, leading to new mixings be-
tween six definite mass states and the active and ster-
ile states. For example, depending on the choices of
parameters and mass hierarchy in the νMSM, the two
heaviest sterile neutrino states may occur in the range
probed by meson decays [7], while the lightest state can
play a role as a dark matter particle in the keV/c2 mass
range. Massive neutrinos in the MeV/c2 range are also
required in dark matter models addressing small scale
structure problems [8] or involving new thermalization
scenarios [9]. More generally, for k sterile neutrinos,
the weak eigenstates νχk are related to the mass eigen-
states νi by a unitary transformation matrix Uℓi, where
νℓ = Σ
3+k
i=1 Uℓiνi, with ℓ = e, µ, τ, χ1, χ2...χk.
Depending on the mass scale of the new heavy mass
eigenstates, sterile neutrinos can have different phe-
nomenological signatures. If heavy neutrino states are
Majorana fermions, neutrinoless double beta decay ex-
periments may provide stringent constraints [5]. Other
constraints on Uℓi come from lepton universality tests,
the decay width of invisible decays of Z bosons, µ and
τ lepton-flavor-violating decays, and magnetic and elec-
tric dipole moments of charged leptons [5]. In particular,
heavy neutrinos with MeV/c2 to GeV/c2 masses can have
measurable effects in meson decays that can be explored
by precisely measuring their decay branching ratios or by
searching for extra peaks in the energy spectrum of their
leptonic two-body decays (e.g. π,K,B → lν) [6].
The decay π+ → e+ν (positron energy Ee+ = 69.8
MeV) is helicity-suppressed in the SM and its measured
branching ratio is Rexp = (1.2327± 0.0023)× 10−4 [10–
13]. The presence of heavy neutrinos relaxes the helicity
suppression; comparing the experimental value with the
theoretical SM calculation RSM = (1.2352 ± 0.0002) ×
10−4 [14–16], limits on |Uei|2 have been obtained for
masses below 60 MeV/c2 [13]. A previous search for
additional peaks in π+ → e+ν decays [17, 18] estab-
lished upper limits at the level of |Uei|2 < 10−7 in the
neutrino mass region of 50–130 MeV/c2 and was limited
by the presence of the µ+ → e+νν decay background
(Ee+ = 0.5− 52.8 MeV) originating from decays-in-flight
of pions. An improved limit was published in Ref. [19]
based on a partial data set from the PIENU experiment.
In this work, we present a search for additional peaks
in the low-energy region of the background-suppressed
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FIG. 1. Schematic illustration of the PIENU detectors with
the pion stopping region shown in the inset.
π+ → e+ν spectrum using the full data set collected
by the PIENU experiment, representing a sample larger
than [19] by an order of magnitude.
EXPERIMENTAL TECHNIQUE
The π+ beam was provided by the TRIUMF M13
beamline, modified to deliver 75 ± 1 MeV/c pions with
< 2% positron contamination [20]. A detailed descrip-
tion of the PIENU detector (Fig. 1) can be found in [21].
Briefly, beam tracking was realized by two sets of mul-
tiwire proportional chambers (WC1 and 2), each with
three planes of wires oriented at 60◦ to each other. Af-
ter WC1/2, the beam was degraded by two plastic scin-
tillators (B1 and B2). These provided the pion arrival
trigger signal, energy loss measurement for particle iden-
tification, and detection of extra beam particles. Pi-
ons were stopped in an 8 mm thick plastic scintillator
(B3) where they decayed at rest via π+ → e+ν or
π+ → µ+ → e+ (π+ → µ+ν followed by µ+ → e+νν).
Two sets of silicon microstrip detectors (S1, S2), each
with two orthogonal planes, were installed upstream of
B3 for tracking pions and (together with the pion track
information from WC1/2) to detect decays-in-flight. Af-
ter B3, a third silicon microstrip detector (S3) and a wire
chamber (WC3) provided tracking for decay positrons.
Two plastic scintillators (T1 and T2) provided the de-
cay trigger signal. WC3 and T2 were mounted in front
of a NaI(T ℓ) calorimeter crystal (a 48 cm diam. × 48 cm
long cylinder), which provided the main positron energy
measurement. The NaI(T ℓ) calorimeter was surrounded
by 97 pure CsI crystals arranged in a two-layer concentric
structure for electromagnetic shower leakage detection.
The trigger logic was based on a pion signal provided
by the coincidence B1·B2·B3 (with a high B1 thresh-
old to select pions) and a decay-positron signal provided
by a T1·T2 coincidence. A coincidence of pion-arrival
and decay-positron signals within a time window from
-300 ns to 540 ns defined the logic for an unbiased col-
lection of events, prescaled by a factor 16. Another trig-
ger was based on a decay-positron signal in the 2 ns to
40 ns time window without prescaling, containing most
of the π+ → e+ν events. Continuous calibration of the
detectors was provided by dedicated beam-positron and
cosmic-ray triggers. The typical pion stopping rate was
5 · 104 s−1, while the trigger rate was 600 s−1. Plas-
tic scintillators, NaI(Tl) and CsI calorimeters were read
out by waveform digitizers at 500, 30, and 60 MHz re-
spectively. Silicon detectors were digitized at 60 MHz,
while the wire chambers and trigger signals were read by
multi-hit TDCs with 0.625 ns resolution.
DATA ANALYSIS
Event Selection
The analysis included four data sets with approxi-
mately 107 π+ → e+ν events collected over a period
of four years, including the data used in the previous
search [19] based on 106 π+ → e+ν events. Automatic
calibration procedures and run-by-run gain stability cor-
rections of the detectors ensured similar decay spectra
for all data sets. The event selection adopted the same
strategy as for the extraction of the π+ → e+ν branching
ratio [13]. Pions were identified based on their energy loss
in B1 and B2 and a cut was applied to WC1/2 to exclude
beam halo particles. Cuts based on waveform informa-
tion from B1, B2 and T1 were used to reject events with
additional beam particles. A fiducial radial cut of 80 mm
in WC3 was used, resulting in 20% solid angle acceptance
for positron tracks. A requirement of < 2 MeV measured
by the CsI array was applied to select events which were
mainly contained in the higher resolution NaI(T ℓ) detec-
tor.
Suppression of π+ → µ+ → e+ events was based on
timing, energy, and tracking information. Events in the
4–35 ns timing window were selected. The strongest sup-
pression factor was given by the sum Es of the energy de-
posits in B1, B2, S1, S2, and B3 (with 100 ns integration
window). For π+ → µ+ → e+ decay, the energy deposit
in B3 was generally larger than for π+ → e+ν decay
by 4.1 MeV, due to the presence of the muon. How-
ever, due to the 100 ns integration window which might
miss the positron and light output saturation effects in
the plastic scintillator, the energy distribution observed
in B3 for π+ → µ+ → e+events overlapped that for
π+ → e+ν events. Therefore, a cut in Es with a width of
1 MeV was applied, as indicated in Fig. 2a, to minimize
the π+ → µ+ → e+background.
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FIG. 2. a) Energy sum Es measured in B1, B2, S1, S2, and B3. b) Z vertex for events with positron energy Ee+ < 52 MeV
(shaded histogram) and Ee+ > 52 MeV (blue full line). The two distributions are normalized to contain the same number of
events and cuts applied are indicated by the red vertical dashed lines.
The beam tracking detectors WC1/2 and S1/2 allowed
the measurement of the vertex of pion decays-in-flight
before B3 and, when combined with positron tracking
information from S3 andWC3 downstream of B3, allowed
an estimate of the decay vertex in the beam direction (Z);
this latter distribution is broader in the case of π+ →
µ+ → e+ events due to the distance traveled by the
muon in B3. Cuts on the pion decay-in-flight track angle
upstream of B3 [19] and Z vertex distributions (Fig. 2b)
helped in rejecting the π+ → µ+ → e+ backgrounds.
The suppression cuts were optimized to minimize the
figure of merit
√
NL/NH where NL and NH are the num-
bers of events below and above 52 MeV in the positron
energy spectrum. The cuts suppressed the backgrounds
by a factor of 107 with the final positron energy spec-
trum, yielding
√
NL/NH = 2.8 · 10−4. The background-
suppressed spectrum is shown in Fig. 3, where the ma-
jority of events are of the π+ → e+ν type concentrated
at the peak at 69.8 MeV with a low-energy tail extend-
ing below the background events (mainly π+ → µ+ →
e+ where the pion or the muon decayed in flight near
or in B3). The shoulder at about 58 MeV is due to pho-
tonuclear reactions in the NaI(T ℓ) followed by neutron
emission and escape from the crystal [22].
Positron Spectrum Fit
The background-suppressed positron spectrum was
used to search for additional peaks due to massive neu-
trinos. The spectrum was fitted from Ee+ = 4 MeV to
Ee+ = 56 MeV with background components and a sig-
nal component. The lower limit of the fit is set by the
lack of statistics and the sharp drop of the cut efficiencies,
while the upper limit is set for avoiding the peaks due to
photonuclear interactions. The fit was repeated shifting
the signal component in 0.25 MeV steps within the fit-
ting range. The signal shape was simulated for every en-
ergy step with a Monte Carlo (MC) simulation validated
with an experimental study of the calorimeter response
to positrons. The shapes of the background components
were obtained from late-time positrons (t > 200 ns) rep-
resenting the π+ → µ+ → e+ decay chain, a component
derived from MC describing π+ → µ+ → e+ events
where the muon decayed in flight in B3, mimicking the
π+ → e+ν timing, and a π+ → e+ν low-energy tail
component due to electromagnetic shower losses, which
was a triple-exponential fit to MC spectrum. The fitted
components are shown in Fig. 3. The background-only fit
described the data well, yielding χ2/dof = 197.2/203 =
0.97 and the addition of purported signals did not change
the result. Since no significant excesses beyond statisti-
cal fluctuations were found, upper limits |Uei|2UL on the
couplings could be calculated.
Acceptance Correction
Most systematic and acceptance effects canceled to
first order, since the upper limit is proportional to the
ratio of the fitted number of signal events and the num-
ber of π+ → e+ν events N(π → eνe), which were
estimated by fitting a MC generated spectrum to the
data for Ee+ > 52 MeV. However, energy-dependent
effects induced by the suppression cuts did not com-
pletely cancel, and a correction was needed. The positron
energy-dependent acceptance correction Acc(Ee+) was
calculated via a MC simulation. Uniformly distributed
positron tracks were simulated at a given energy Ee+
between 0 and 70 MeV in 0.25 MeV steps with the sup-
pression cuts: energy sum Es, Z vertex, and CsI veto.
The ratio between the number of events at a given Ee+
and the number of events at Ee+ = 70 MeV was taken
as the relative acceptance correction. The correction as
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FIG. 3. Background-suppressed positron energy spectrum (black histogram). Fitted components include muon decays in flight
(thick blue line, from MC), pi+ → e+ν (green, dot-dashed line, fit to MC), and pi+ → µ+ → e+ (red dashed line, from late-time
data events). The insert shows the (rebinned) residuals (Data–Fit) with statistical error bars and the signal shape in the case
of Ee+ = 40 MeV and |Uei|
2 = 10−8.
a function of the positron energy is shown in Fig. 4. The
statistical uncertainty due to the MC procedure is about
1%. The increase of the acceptance correction towards
low energies is due to the CsI veto cut, which removes
more high-energy events having larger shower leakage
from the NaI(Tl) calorimeter. In order to estimate the
systematic uncertainty on the acceptance correction, a
study was performed using π+ → µ+ → e+ events.
In contrast to π+ → e+ν events, the background con-
tribution to this spectrum was negligible; it has higher
statistics and covers a broad energy range. Comparing
π+ → µ+ → e+ events to the MC, the effect of the sup-
pression cuts was studied and good agreement with the
data was found. The maximum difference between data
and MC for Ee+ > 10 MeV was 3%, which was conser-
vatively assigned to be the systematic uncertainty on the
acceptance correction.
RESULTS
Since no significant peaks were found in the data, 90%
C.L. upper limits N(π → eνi)UL were calculated with a
Bayesian procedure, assuming a flat prior and enforcing
a positive peak amplitude and a Gaussian probability
distribution.
An upper limit |Uei|2UL on the squared matrix element
describing the mixing of the massive states with the other
active neutrino states was obtained using
1
Acc(Ee+ )
N(π → eνi)UL
N(π → eν) = |Uei|
2
ULρe(Ee+) , (1)
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FIG. 4. Acceptance correction Acc(Ee+) as a function of the
positron energy as determined with the MC simulation. The
error bars are statistical only.
where ρe(Ee+) is a phase space and helicity-suppression
factor [6]
ρe(Ee+) =
√
1 + δ2e + δ
2
i − 2(δe + δi + δeδi)
δe(1 − δe)2
×(δe + δi − (δe − δi)2) , (2)
where
δe = me/mπ , δi = mνi/mπ , and
mνi =
√
m2π − 2mπEe+ +m2e .
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FIG. 5. 90% C.L. upper limits on the square of the mixing matrix elements |Uei|
2 of heavy neutrinos coupled to electrons (thick
red line). The black dashed line shows the results from [18].
The results for the 90% C.L. upper limits for |Uei|2
are shown in Fig. 5 (thick red line), together with the
previous result [18] (black dashed line). These results
supersede those reported in [19].
SUMMARY
A search has been performed for the mixing of heavy
neutrinos coupled to electrons in the decay π+ → e+νh.
No extra peaks due to heavy neutrinos were found
in the positron energy spectrum, resulting in upper
limits set on the square of the mixing matrix elements
|Uei|2 from 10−8 to 10−7 for neutrino masses in the
range 60–135 MeV/c2. These results are independent of
assumptions about the nature of the heavy neutrino and
are comparable to limits from neutrinoless double beta
decay found in [5], which assume that massive neutrinos
are Majorana in nature.
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